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Abstract 

We examine the QCD corrections to the structure functions F^x^Q 2 ) 
and F2{x,Q 2 ) for a real photon target. The pointlike photon contributions 
from light and heavy quarks are computed through 0(aa>s)- A parameteri- 
zation of the hadronic (resolved) photon contribution is also included and a 
comparison is made with the present experimental data. We find that while 
the pointlike contributions are large for F^{x, Q 2 ), they are the dominant 
part of F2(x,Q 2 ). For Q 2 > 50 (GeV/c) 2 the charm component is as least 
as large as the light quark component. 
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1 Introduction 



In the past two decades there has been considerable interest in the study of 
photon-photon interactions in electron-positron colliders. When one photon 
is virtual and the other one is almost real the analogy with deep-inelastic 
electron-nucleon scattering motivated the introduction of the corresponding 
structure functions F^(x, Q 2 ) (k = 2, L) for the photon. It was originally ob- 
served by Witten that both the x and Q 2 dependence of these structure 
functions were calculable in perturbative QCD (pQCD) at asymptotically 
large Q 2 . Thus from a theoretical point of view this process should provide 
a much more thorough test of pQCD than the corresponding deep-inelastic 
scattering off a nucleon target, where only the Q 2 evolution of the structure 
functions is calculable. The original optimism subsided once it was realized 
that there were complications with experimental confirmation of this pre- 
diction at experimental (non-asymptotic) values of Q 2 @],|f§. For recent 
reviews see 0. In particular at small Q 2 there is a contamination of the 
purely pointlike (unresolved) pQCD contribution by the hadronic (resolved) 
component of the photon. This latter piece is not calculable in pQCD and 
must be extracted from experimental data. One of the approaches used is to 
describe this hadronic piece by parton densities in the photon. For parame- 
terizations see @, |J, @ and J7|. For a different approach see 0. 

In this paper we will investigate higher-order pQCD corrections in the 
deep-inelastic structure functions containing both light (massless) quarks and 
heavy (massive) quarks. We report the results of including these pQCD cor- 
rections through order aaj. These corrections have not been considered 
earlier in the literature. They are the Abelian analogues of the order a 2 s cor- 
rections to light-and heavy-quark production in deep-inelastic lepton hadron 
scattering contributing to the structure functions Fk(x,Q 2 ) (k = 2,L). For 
light quarks the non-Abelian results were reported in [ITTI] while for heavy 



quarks they were reported in [11]. 

The deep-inelastic structure function F2 (x, Q 2 ) was originally measured 



by the PLUTO collaboration |12j at PETRA using single tag events in the 
reaction e~ + e + — > e~ + e + + hadrons. In the past few years there have been 
a series of new measurements at PETRA, PEP and TRISTAN by several 



groups,including CELLO @, TPC2 7 @,TASSO ||, JADE [[TBI, AMY 



rj, VENUS [|T8[ and TOPAZ JTJ. All these groups concentrated on the 
measurement of the light-quark contribution to F^x, Q 2 ). The heavy-quark 
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component (mainly charm) has been hard to extract due to problems iden- 
tifying charmed particle decays. In the near future higher-luminosity runs 
at TRISTAN should yield some information on heavy-quark (mainly charm) 
production and this is one reason that we study it here. We should mention 
that there was a previous investigation of pQCD corrections to heavy quark 
production in p0 |, where it was assumed that both photons were off-mass- 
shell and a small value for the photon virtuality was chosen for generating 
numerical results. Since these authors did not therefore encounter mass sin- 
gularities they had no need to perform any mass factorization. Hence their 
method was different from the one we adopt. Finally there exists a possibility 
that the longitudinal structure function F2{x,Q 2 ) can be measured at LEP 
PH) . Therefore we will also present the higher-order pQCD corrections to 
F2(x,Q 2 ) which have not been reported previously. 

Two-photon reactions are important to understand as background pro- 
cesses to the normal s-channel reactions at present and future e~e + colliders. 



The latter machines will have a large amount of beamstrahlung p2| , [p3 



Therefore a basic input is the parton density in a photon, which is one of the 
topics we discuss. 

The paper is organized as follows. In section 2 we present the pQCD 
corrections up to order aa s which are used in our calculations. In section 3 
we discuss the effects of the higher-order corrections to the structure functions 
Ffr(x,Q 2 ) {k = 2,L) including the 0(aa s ) contributions from the light and 
heavy quarks. 
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2 Higher-Order Corrections to the Photon 
Structure Functions 



The deep-inelastic photon structure functions denoted by F^(x,Q 2 ) {k = 
2,L) are measured in e~e + collisions via the process (see fig.l) 

e~(p e ) + e + ^e-(p' e )+e + + X , (2.1) 

where X denotes any hadronic state which is allowed by quantum-number 
conservation laws. When the outgoing electron is tagged then the above 
reaction is dominated by the photon-photon collision reaction (see fig.l) 

7*{q)+7(k)^X, (2.2) 

where one of the photons is highly virtual and the other one is almost on- 
mass-shell. The process (2.1) is described by the cross section 

d 2 a f , „, 3 s 2na 2 S 



J dzzf*(z 



dxdy J J ' yy m 2 e Q A 

'{l + (l-y) 2 }F^x,Q 2 )-y 2 F2(x,Q 2 ) , (2.3) 



where (x, Q 2 ) (k = 2, L) denote the deep-inelastic photon structure func- 
tions and a = e 2 /4ir is the fine structure constant. Furthermore the off-mass- 
shell photon and the on-mass-shell photon are indicated by the four-momenta 
q and k respectively with q 2 = —Q 2 < and k 2 ~ 0. Because the photon 
with momentum k is almost on-mass-shell, expression (2.3) is written in 
the Weizsacker- Williams approximation. In this approximation the function 
f^(z, S/m 2 ) is the probability of finding a photon ■y(k) in the positron, (see 
fig.l). The fraction of the energy of the positron carried off by the photon is 
denoted by z while v^S* is the cm. energy of the electron-positron system. 
The function f^(z, S/m 2 ) is given by (see |24fl ) 

/ e fe A ) ^i±(^£)! ln a-)(f 2 -^) , (2 . 4) 

' m l e 2n z z A m l e 

provided a heavy quark with mass m is produced. The scaling variables x 
and y are defined by 

Q 2 k-q , 

x = — 1 — > y = -, — > q = Pe-p e , (2.5) 

2k ■ q k ■ p e 
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where p e , p' e are the momenta of the incoming and outgoing electron respec- 
tively. Following the procedure in [25 the photon structure functions in the 
QCD-improved parton model have the following form 



a 



x 



1 dz 

x Z 



-Eel] {^(-,M^)Cl q (zX 

A/ 



M 2 ' 



W(- z , M 2 ) C k , 9 (z, ^)} + ^(f , M 2 ) C™(z, 



3 

+— x 

47T 



L \i=l 



C fc , 7 (x,^)+e 4 H C^(x,Q 2 ,m 2 ) 



(2.6) 



Here £ 7 and A 7 represent the singlet and non-singlet combinations of the 
parton densities in the photon respectively while the gluon density is rep- 
resented by g 1 . The same notation also holds for the hadronic (Wilson) 
coefficient functions C^i (i = q, g) where Cf q and C^q stand for the singlet 
and non-singlet coefficient functions respectively, and Cfc iS denotes the glu- 
onic coefficient function. The photonic coefficient functions for massless and 
massive quarks are given by Cfc i7 and respectively, where m in (2.6) de- 
notes the heavy-quark mass. The index i in (2.6) runs over all light flavors 
provided they can be produced in the final state (n f is the number of light 
flavors) and e^, e# stand for the charges of the light and heavy quarks respec- 
tively in units of e. The parton densities as well as the coefficient functions 
depend on the mass factorization scale M except for the C^ 7 which can be 
calculated in pQCD without performing mass factorization. Notice that in 
addition to the mass factorization scale M the quantities in (2.6) also depend 
on the renormalization scale fi which appears in the pQCD corrections via 
a s (/i 2 ). However in this paper we will put \i = M. Because of the origin 
of the photonic parton densities and the two different types of coefficient 
functions (photonic and hadronic) we will call the first term, represented by 
the integral, the hadronic (resolved) photon part, and the second term the 
pointlike (unresolved) photon part. The latter can be split into a light-quark 
contribution due to Ck n and a heavy-quark contribution due to C^ r 

In the subsequent discussions in this paper we will neglect all pQCD 
corrections beyond the first order in a s so that we can put Cf_ = = Ck, q - 
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In this case (2.6) can be simplified as follows 



with 



a Jx z 



Q, { X -,M*)C k ,,(^) 



3 

+— x 
4ir 



Q 



L \i=l 



(2.7) 



1 



n 



2£e^,M 2 ) 



(2.8) 



i=i 



where we have set qj = qj in the above equations. From now on we will only 
use (2.7) for our calculations, the results of which will be presented in the 
plots in Section 3. 

Starting with the parton densities we will follow the prescription in 
(where £ 7 has the same meaning and A 7 = qJj S ) and, in the case where all 
quarks are light, set 

(2.9) 
(2.10) 



qZ = q2 
Id = vl 
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% 



Below the charm-quark threshold we have 



n f = 3 : Q 7 = -ql + -qj 



E- 



i=l 6 i=l 



3 2 

E4- ' 
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(2.11) 



Above the charm-quark threshold and below the bottom-quark threshold the 
above quantities are changed into 

4 m 4 



16 4 



i=l J 



4 34 
VeJ = -. (2.12) 

Sl 81 



Finally above the bottom-quark threshold they become 



rii 



Q- 



16 
IT 



2 
3~' 



9n + oQd 



E' 

1=1 
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5 

E 

8=1 



^1.(2.13) 
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The coefficient functions originate from the following parton subprocesses. 
In the Born approximation we have the reaction (fig. 2) 

7*(g)+7(*0-? + 9, (2-14) 

where q (q) stand for light as well as heavy (anti)-quarks. The 0(a s ) pQCD 
corrections are given by the one- loop contributions to process (2.14) (see 
fig. 3) and the gluon bremsstrahlung process (see fig. 4) 

l*(q)+l(k) ^q + q + g. (2.15) 



The parton cross section for the Born reaction (2.14) can be found in ||, p6[ 
(light quarks) and ||, p5f (heavy quarks). Notice that the above reactions 
are very similar to the ones where the on-mass-shell photon j(k) is replaced 
by a gluon g(k). The cross sections of the photon-induced processes con- 
stitute the Abelian parts of the expressions obtained for the gluon-induced 
processes which are presented up to order a 2 for the case of massless quarks 
in |nj and in the case of massive quarks in [n|. By equating some color 



factors equal to unity or zero in the latter expressions one automatically ob- 
tains the cross sections for the photon-induced processes above. In the case of 
massless quarks the parton cross sections for (2.14), (2.15) contain collinear 
divergences which can be attributed to the initial photon being on-mass- shell. 
These singularities are removed by mass factorization in the following way. 
We define 

f 1 f 1 Q 2 

T kn (z,Q 2 ,e) = J Q dzi J Q dz 2 5(z-z 1 Z2)T iy (z 1 ,M 2 ,e)C kti (z2,j^), 

(2.16) 

where JF fc 7 (z, Q 2 , e) is the parton structure function, which is related to 
the parton cross section in the same way as the photon structure function 
F^(x,Q 2 ) is related to the cross section d 2 a/dxdy in (2.3). It contains the 
collinear divergences represented by the parameter e = n — 4 (we use di- 
mensional regularization) . These divergences are absorbed in the transition 
functions r i7 (i = 7 , q , g) which depend both on e and on the mass factor- 
ization scale M. The coefficient functions C k ,i (i = 7 , q , g) are computed in 
the MS scheme and they appear in the expressions for the photon structure 
functions in (2.6). In the case i — 7, where the photon is pointlike, the 
corresponding transition function is given by 

r 77 (z,M 2 ,e) =5(l-z). (2.17) 
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The other transition functions T 
parts of T 



q , g) can be inferred from the Abelian 



KJ 



26] , [27 1- In the case of massive quarks (heavy-flavor pro- 
duction) the parton structure functions do not have mass singularities. They 
automatically belong to the pointlike photon contribution and can be iden- 
tified with the coefficient functions CJ?. . 

The coefficient functions can be expanded in a s as follows 

«s(M 2 ) 



c 



(0) 



with i = q , g , 7 and 



c 



H,(0) 
fc.7 



+ 



47T 



a s {M 



C 



(1) 



7^,(1) 



47T ^ + 



In zeroth order of a* the hadronic coefficient functions are 



(2.18) 



(2.19) 



c8(*,]£) = '(i 



(2.20) 



Cfliz 



Q 2 



) = o 



(2.21) 



C S(^^) = °. (k = 2,L). 
In order as the hadronic coefficient functions are given by 



(2.22) 



C {1) (z ^ 

L 2, q {^ M 2> 



4 



2 - 22} 



+5(l-^){31n^-9-4C(2 



3^ „l + z 2 , 9 5 



_ ? lns + - + -s 



and 



C fi(^ ^2) - 



43 



(2.23) 



(2.24) 
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The above coefficient functions, which emerge via mass factorization from 
processess (2.14) and (2.15), (see figs. 3 and 4), can be also inferred from the 
parton subprocesses 7* + g — > q (with one-loop corrections) and 7* + g — > q+g 
in deep-inelastic lepton-hadron scattering. The gluonic coefficient functions 
C^g although of order a s emerge from the 0(aa 2 s ) process 7*(?) + 'y(k) — > 
q + q + q + q. Nevertheless they contribute in order a s after mass factorization 
has been performed where the corresponding transition function T 97 leads 
to the scale dependence of the gluon density g 1 '. The gluonic coefficient 
functions are given by 

Cg(^) = n f T f [l{z 2 + (l-z) 2 }(\n^ + \n(l-z)- In z) 

+322(1 -z)-4\, (2.25) 



CSl(z^)=n f T f [l6z{l-z)]. (2.26) 



M 2 

Notice that the latter coefficient functions can be inferred from the parton 
subprocess 7* + g — > q + q in deep-inelastic lepton-hadron scattering. The 
color factors appearing in eqs.(2.23)-(2.26) are given by C F = 4/3 and Tf = 
1/2 for the case of SU(3). 

The photonic coefficient functions in zeroth order of 0:5 for massless 
quarks, denoted by C^(z, Q 2 /M 2 ), originate from the Born reaction (2.14) 
(see (fig. 2)). They can be derived from (2.25), (2.26) as follows 

From the same reaction we also obtain the heavy-flavor contributions which 
read 

C»?Xz,Q\m*) = [{4-8,(l-,) + ^(l-3,)-^}L 



r , s itt 2 , \ 1 / 4m 2 1 

+ { - 4 + 32z(l -z)- 16— z(l - z)}Jl - 



Q 2 v /J V s 

(2.28) 
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and 



<f(.,Q 2 ,m 2 ) 



1641 - z) 



Am 2 



o 

m 
2 — L 

s 



(2.29) 



where m is the heavy-flavor mass and ^/s is the cm. energy of the virtual 
photon-real photon system. Furthermore we have 



'1 ^ 2 
l-z) — 

z 



In 



1 + Jl -Am 2 /s 



1 - yjl — 4m 2 /s 



(2.30) 



These formulae were first derived in f2"Bfl,P9"]. 

In the next order in a s process (2.15) (fi.g.4) and the one-loop corrections 
to process (2.14) (fig. 3) give rise to the coefficient functions Cj^hz , Q 2 / ' M 2 ) 
andC^ (1) U,Q 2 ,m 2 



In 0(a s ) the photonic coefficient functions for mass- 



less quarks C ( ^{z,Q 2 /M 2 ) can be obtained from the Abelian parts of the 
0(a|) contributions to the coefficient functions Ck, g (z,Q 2 /M 2 ) in []nj by 
applying the same relations as in (2.27). The corresponding heavy-quark 

can be inferred from the Abelian parts 



coefficient functions Cf?^°\z, Q 



2 m 2 ) 



of the 0(a 2 s ) contribution to Ck, g (z,Q 



2 m 2 ) computed for heavy-flavor pro- 



duction in |TlJ| . Both expressions are too long to be put in this paper. [] We 
translate the notation used in this paper into those used in [25] and [2B 



in Table 1, where we also list the new coefficient functions which were not 
used in the earlier calculations in the literature. 



lr These functions are available from smith@elsebeth.physics.sunysb.edu. 
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3 Results 



In this section we will first discuss the 0(a s ) corrections to the hadronic 
(first) part and the corrections to the pointlike (second) part of the photon 
structure functions (2.7). In particular we focus our attention on the heavy- 
flavor contribution (mainly charm) which enters via the photonic part. In 
the literature attempts have been made to implement the higher-order QCD 
corrections in the photon structure function , Q . As we have already 
pointed out above (2.6) we follow the prescription in |2S[ which is the same as 
normally given for the hadronic structure functions in deep-inelastic lepton- 
nucleon scattering . In this case all the nonperturbative effects are hidden 
in the x-dependence of the parton densities Q^(x, M 2 ) and g^(x, M 2 ) (2.7). 
The perturbative parts are given by the splitting functions and the coefficient 
functions. The former appear in the Altarelli-Parisi (AP) equations which 
determine the M 2 -dependence of the parton densities. Various parameteri- 
zations of the parton densities are given in the literature (0 - [[7|). However 
they are all of the leading logarithmic (LL) type and a consistent Q 2 evo- 
lution of F^(x, Q 2 ) can only be given when the densities are combined with 
the lowest order coefficient functions. In our case the latter are given by C^} , 
c£], (i = q, g) and C^L Inclusion of the 0(a s ) corrections to £2,1 (i = q , g) 

and the contributions C^, C^l. requires a next-to- leading- logarithmic (NLL) 
parameterization of the parton densities which are available in [8]. If we also 
want to include one even needs the 0(aa 2 ) and 0(a^) corrected AP 
splitting functions which have not been calculated in the literature. These 
would yield the next-to-next-to- leading- logarithmic approximation (NNLL). 
Notice that this problem does not exist for the heavy-flavor contributions rep- 

M ft) 

resented by C k ' (1 = 0, 1) because the latter could be calculated without 
carrying out mass factorization, demonstrating that they are independent of 
the scale M 2 . In spite of the fact that a NLL parametrizaton exists we will 
restrict our attention to the LL approximation, because it is sufficient for 
our purpose here and because the relatively poor quality of the data cannot 
distinguish between the LL and NLL parametrizations. Since we omit the 
NLL and the unknown NNLL parton densities the higher-order pQCD cor- 
rections to the coefficient functions have to be considered as an estimate of 
how the LL approximation to the photon structure function will be altered 
by including higher-order pQCD effects. 
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At this moment the LL parton densities give a good description of the 
data obtained for the structure function F^ (x, Q 2 ) over a wide range of Q 2 
values (see below). Inclusion of the higher-order QCD corrections leads to a 
modification of the nonperturbative parameters describing the x-dependence 
of the parton densities. Another effect is that the Q 2 -dependence of the 
photon structure function will be altered when higher-order corrections are 
included particularly at large Q 2 -values. However the analysis in |25] reveals 
that the addition of the 0(a s ) corrections C^} (i = q,g), the pointlike pho- 
ton contributions C|° 7 and the two-loop AP splitting functions to hardly 
changes the (Revolution in the region 5.9 (GeV/c) 2 < Q 2 < 110 (GeV/c) 2 
accessible to past and present experiments. This led to the conclusion P5] 
that the LL parameterization for the parton densities is quite adequate to 
describe the existing data. In our opinion this analysis has two drawbacks, 
which can be summarized as follows. In spite of the fact that the LL as 
well as the NLL parton densities may give a good description of it does 
not mean that they will provide us with the same good description for F2 
since the coefficient functions for these two structure functions in (2.7) are 
different. The same conclusion holds for other photon induced processes like 



e.g. photoproduction of heavy flavors p4 |. Another objection is that in the 



determination of the LL parton densities the heavy-flavor contribution which 
shows up via Cjf 7 in (2.6), is neglected. This might be correct for low Q 2 in 
view of the limited statistics of the available data but is certainly incorrect 
for large Q 2 as we will see later on. 

Besides the theoretical uncertainties one also has to deal with the quality 
of the experimental data. At this moment only data for F£(x, Q 2 ) are known 
because of the experimental limitation xy 2 << 1. The available data have 
been obtained from various experiments where 0.03 < x < 0.8 and 1.31 < 
Q 2 < 390 (GeV/c) 2 RT^I - Pfl- However there exists some hope that at LEP 



F2(x,Q 2 ) can also be measured [|2T 



In the subsequent part of this paper we first discuss how the LL descrip- 
tion for Fl is modified by the following corrections. They are given by: 

I . The 0(a s ) contributions to the hadronic coefficient functions given 
byC« (i = q,g). 

II . The photonic coefficient functions due to light quarks C^L (I = 0, 1). 
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Ill . The photonic coefficient functions due to heavy-flavor contributions 
(mainly charm) represented by C^l^ (I = 0, 1). 

In our calculations we will adopt the two-loop corrected running coupling 
constant as presented in Eq.(10) of Further we choose rif = 4 in the 
running coupling constant, which implies Aj^g = 0.26 GeV/c. For the LL 
parton densities we take the DG parameterization given in ||, where rif = 3 
(see (2.11)). The latter is also used in the expressions in Section 2. The 
factorization scale is M = 

In fig. 5 we plot F^x, Q 2 )/a for Q 2 = 5.9 (GeV/c) 2 as a function of x, 



where we compare our results with the data of PLUTO [T2|]. The curves 
represent the following contributions. The solid line is given by the LL- 
contribution to which we denote by F^LL). The dashed line originates 
from F^(LL) plus the 0(a s ) contributions due to I above. The latter con- 
stitutes the hadronic part of the structure function, which we will define as 
hadronic = F^LL) + 0(a s ). If we also include the pointlike photon part 
due to II, called light, we get the dotted line indicated by hadronic + light. 
Finally we add the pointlike photon part coming from the charmed quark 
(called heavy) corrected up to 0(a s ) due to III so that the total result rep- 
resented by the dotted-dashed line is given by hadronic + light + heavy. The 
figure reveals an appreciable deviation from the LL prescription when we 
include higher-order corrections, in particular in the higher x-region. The 
main changes are introduced by the hadronic contribution due to C^ q and 

the pointlike photon contribution due to Q !. The steep rise of the dashed 



line near x = 1 can be attributed to soft-gluon radiation which leads to the 
logarithmic terms (ln'(l - z)/{l - z)) + (I = 0, 1) in C ( ^ q (2.23). The loga- 
rithmic term ln(l — z) occuring in C^l (2.27) (see also (2.25)) is responsible 
for the large negative correction near x — 1 and even causes F% to become 
negative in that region. The other contributions are unobservable at least 
within the errors in the present data. The gluonic part due to C^l (2.25) is 
negligible and the charm contribution is small even if one includes the 
0{a s ) corrections. Finally it turns out (see fig. 6) that, for x > 0.5, the neg- 
ative contribution due to C|°^ is partially compensated by adding the 0(a s ) 

corrections represented by C^l. In fig. 7 we have compared the charm contri- 
bution to F% with F^LL). We see that in the region < x < 0.4, where 
charm contributes, it only constitutes about 20% of F% {LL). If one includes 
the 0(a s ) correction this becomes much larger and makes up approximately 
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30% of F^(LL). 

In figs. 8-10 we have made the same plots as in figs. 5-7 but now for Q 2 = 51 
(GeV/c) 2 , where there is data from the AMY experiment |T7]]. The figures 
reveal that the light-quark contribution becomes smaller (fig. 9) whereas the 
charm contribution (fig. 10) becomes larger with respect to the hadronic part 
of F2 when Q 2 increases. At Q 2 = 51 (GeV/c) 2 the charm contribution 
constitutes 50% of F^LL) which is hardly altered when one includes the 
0(a s ) correction. The charm component is also larger than the light-quark 
part by about a factor of two (compare fig. 9 with fig. 10). If one could measure 
the charm component cleanly it would provide a good test of pQCD since 
one does not need to perform mass factorization to calculate the corrections 
to this contribution. 

We have also computed the bottom-quark contribution but it turns out 
that this is negligible at this Q 2 so that we did not plot it in the figures. The 
origin of the suppression of the bottom-quark component can be attributed 
to the mass as well as the charge of the bottom quark. The former is three 
times larger than the mass of the charmed quark so there is a phase space 
suppression. Moreover e% for the bottom quark contributes a factor of 1/16 
when compared with the corresponding e% factor for the charmed quark. We 
also studied the plots for Q 2 = 100 (GeV/c) 2 , however they did not provide 
us with additional useful information when they are compared with those 
obtained for Q 2 = 51 (GeV/c) 2 . 

Summarizing the above results we conclude that the light-quark and 
heavy-quark contributions to the pointlike photon part change appreciably 
the leading logarithmic (LL) description of the photon structure function 
F2 . This means that the nonperturbative parameters appearing in the ex- 
isting parton densities like DG in || have to be refitted in order to bring 
the theoretical description of F% (2.7) in agreement with the data. Notice 
that besides the coefficient functions the authors in ref. [§] have included the 
higher-order AP splitting functions into this analysis. 

Bearing in mind the uncertainties above concerning the leading logarith- 
mic parameterizations of the parton densities we will give a prediction for the 
longitudinal structure function Fj,. For Q 2 = 5.9 (GeV/c) 2 we have plotted 
the hadronic and pointlike photon parts of F2 in fig. 11 where the pointlike 
photon part is again split up in its light-and heavy-quark (charm) compo- 
nents. Notice that up to order a s the LL description of F^ coincides with 
the 0(a s ) corrected hadronic part since the longitudinal coefficient functions 
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Clj (i = q , g) are only calculated up to this order. A glance at fig. 11 shows 
that the hadronic part is heavily suppressed with respect to the light-quark 
contribution to the pointlike photon part, which is due to Cj^ (2.27). The 
latter will be slightly reduced in the region x > 0.3 when one includes the 
0(a s ) correction (fig. 12). The charm contribution is appreciable in the 
region x < 0.3 in particular when one includes the 0(a s ) correction (fig. 13). 
The latter increases the Born approximation for charm production by a fac- 
tor of two. The reason the hadronic part is suppressed for F^ but not for Fl 
can be traced back to the differences in the coefficient functions Ci, q and Ci, q - 
The former starts already in order a° whereas the latter starts in order a s . 
This has to be compared with the photon coefficient functions C^l (k = 2, L), 
which are both of order a°, so that C^ q is suppressed by order a s with respect 
to the other coefficient functions. The second reason is that gets large 

contributions from soft-gluon radiation which are absent in C^l. Notice that 
the gluon density is less important in the region 0.1 < x < 1. Moreover it 
is convoluted with the coefficient functions C^ g (2.25) and C^ g (2.26) which 
are both of order a s and do not contain any soft-gluon enhancements. 

If we study F^ at Q 2 = 51 (GeV/c) 2 (see fig.14) we observe that the 
ratio between the light-quark contribution and the hadronic component is 
unaltered with respect to Q 2 = 5.9 (GeV/c) 2 (see also fig. 15). However 
at Q 2 = 51 (GeV/c) 2 the charm contribution is of the same size as the 
light-quark part and becomes much larger than the hadronic component of 
Fl (fig. 16). The reason that the charm and light-quark contributions have 
the same magnitude can be attributed to the fact that for Q 2 » m 2 the 
coefficient functions (2.27) and C%£ 0) (2.29) become equal. From fig. 16 
we also infer that the charm component is increased by about 30% when the 
0(a s ) contribution Cj^L is included. We also computed the bottom-quark 
contribution to F2- Like in the case of F£ it turned out that the bottom- 
quark component is negligible so that it is not shown in the figures. Likewise 
we did not show the figures for Q 2 = 100 (GeV/c) 2 since they were not 
qualitatively different from the ones for Q 2 = 51 (GeV/c) 2 . 

A comparison between the plots made for F% and Fl reveals that the 
hadronic part of F2 is heavily suppressed with respect to the pointlike photon 
part contrary to what is observed for F%. We do not expect that this feature 
will be altered if we had used the NLL parton densities, which are available in 
Therefore the longitudinal structure function Fl provides us with a much 
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better test of pQCD than F%- Originally this feature was expected for 
[|]. Unfortunately this expectation did not materialize because of the large 
hadronic component in F£. The problem is now left to the experimentalists 
who have to try to extract the longitudinal structure function from the data 
via the cross section in (2.3). 

Summarizing our findings we have seen that the pointlike photon contri- 
bution leads to an appreciable correction to the leading logarithmic descrip- 
tion of F2 , in particular in the large x region. Furthermore the pointlike 
photon component dominates the longitudinal structure function Fl and 
overwhelms the hadronic part completely. The charm-quark contribution, 
which is relatively small compared with the light-quark contribution at small 
Q 2 , becomes of the same magnitude as the latter as Q 2 increases (see the 
plots for Q 2 = 51 (GeV/c) 2 ). This feature is characteristic for both struc- 
ture functions. Therefore the measurement of the charm contribution alone 
would provide a clean test of pQCD. As far as the 0(aa s ) contributions to 
the pointlike photon part are concerned we observe that they are appreciable 
at small Q 2 but become less important relative to the 0(a) contributions 
when Q 2 becomes larger. This statement holds for both the light-quark and 
the heavy-quark contributions. 
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Notations in several papers for the hadronic and photonic coefficient func- 
tions. Notice that the expressions in [2f| are in Mellin transform space. 
The blanks mean that these contributions were not considered in the papers 
quoted. 
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